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Abstract 
Physical models of slope failure analysis have been made since the 2011 using sandstone material. The analysis was emphasized  
on the effect of vibration, height slope, and slope angle, but have not been analyzed the failure probability (FP). Hence, this paper 
analyzes a failure probability using Monte Carlo method.  
 
Keywords: 
1. Introduction 
A small scale model of soil or rock slope failure has been widely used to simulate ground failure behavioral. But 
to get reliable results from a model, soil or rock samples to be used must meet a number of requirements.  
The development of a physical model of slope stability test in Indonesia was iniatedat the Geomechanics and 
Mining Equipment laboratory of the Mining Engineering Department ITB Indonesia. The model was designed in 
such a way order to accommodate vibration at which the sample is allowed to move double action horizontal 
swiftly. 
Preliminary slope stability model tests were conducted by VitaliandGinting (2011) and particular attention was 
given to the influence of slope height, slope angle and acceleration of vibration on the slope failure behavior. This 
paper explains the follow up study of slope stability behavior with special reference to the failure probability (PoF) 
for each variable analyzed in the previous study. 
2. Slope Stability 
Basically, the material in nature is stable if the stress distribution in the material remains in a state of equilibrium. 
However, the equilibrium immediately change should there be any activities such as excavation, blasting, and 
earthquake that cause the driving force greater than the resisting force. If it happens in a mining slope, then 
automatically, the driving force will be greater than resisting force or the safety factor (SF) is less than 1 then the 
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slope is unstable. 
݂ܵܽ݁ݐݕܨܽܿݐ݋ݎ ൌ  	 	  (1) 
 
Slope failures are common in the rock mass of an open pit mine and they may be classified as follows: 
1. Plane failure 
2. Wedge failure 
3. Toppling failure 
4. Circular failure 
The slope stability is influenced by several factors such as: 
1. Geometry 
2. Physical & Mechanical Properties 
3. Geological Structure 
4. Water Condition 
5. Weathering 
6. Seismic Loading 
In this case of this research focused at slope stability influence by seismic loading. 
3. Failure Due to Seismic Loading 
The driving force acting on a rock mass can be written as (see Figure 1): 
 
݀ܨ ݎ݅ݒ݅݊݃ ൌ ݉݃ݏ݅݊ ߙ ൅݉ܽܿ݋ݏߙ  (2) 
 
While the magnitude of the normal force acting on the failure surface can be written as: 
 
݊ܨ ݋ݎ݈݉ܽ ൌ ݉݃ܿ݋ݏ ߙ െ ݉ܽݏ݅݊ߙ  (3) 
 
Thus, the resisting force becomes : 
 
ܨݎ݁ݏ݅ݏݐ݅݊݃ ൌ ܿܣ ൅ ሺ݉݃ ܿ݋ݏ ߙ െ ݉ܽݏ݅݊ߙሻݐܽ݊Þ (4) 
 
Where a = horizontal acceleration in g. 
 
From equation (2) and (4) it can be seen that the addition of the driving force and resisting force reduction on the 
failure surface will be controlled by the magnitude of the horizontal acceleration and the magnitude of the angle 
slope of horizontal plane. 
Newmark (1965) proposed an equation for estimating the critical acceleration, namely: 
 
ܽܿݎ݅ݐ݈݅ܿܽ ൌ ሺܵܨ െ ͳሻǤ݃Ǥ ݏ݅݊߰  (5) 
 
ܽܿݎ݅ݐ݅ܿ ݈ܽ  =Critical acceleration leading to a slope failure 
ܵܨݏݐܽݐ݅ܿ  =Safety Factor from static calculation 
g  =gravitation acceleration 
߰  = Slope angle 
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From the above equation it can then be concluded that there is a correlation between the FS and slope angle and 
while the slope increases the FS then decreases. 
Furthermore, from  acritical theoretical compared with physical models. At the time of testing physical models with 
variations in the acceleration value started from 0.16 g untill 0.62 g. the acritical value of the physical model 
determined at the time slope failed 
 
 
Figure 1. Failure due to external force 
4. Physical Modelling 
A typical of a mining slope is physically scaled down into a laboratory scale to mimic the real condition in the 
field. This scaling down process is conducted systematically and mathematically by means of Dimensional Analysis 
in order to obtain the appropriate geometry, dimension and properties of the material of the slope model. 
The sample material used in the slope stability model was fairly loose sand and the properties are given in the 
Table 1. 
 
Table 1. Properties of Sand 
Unit Weight 
(kN/m3) 
Cohesion 
(kN/m2) 
Internal Friction 
Angle - (0) 
14,71 14,37 31,25 
 
To carry out the test of the slope stability model, a device was designed and manufactured to accommodate the 
physical model (see Fig 2). The device consists of a glass container to be filled with the sample material, in this case 
is loose sand that sits on a jig connected by a spring on one end and the other end by a shaft that is pushed and 
pulled by an eccentric gear rotated by an electric motor. The device was designed and manufacture in house at the 
Geomechanics and Mining Equipment Laboratory, Department of Mining Engineering, Faculty of Mining and 
Petroleum Technology (FTTM), InstitutTeknologi Bandung (ITB). 
The physical characteristics of the physical slope models are given in Table 2 and they were made in three 
different slope height models, i.e. 10 cm, 20 cm and 30 cm. Each of the slope height models has three different slope 
angles such as 200, 250 and 300. 
The tests were taking place in the same laboratory and performed by shaking the physical models unit back and 
forth to simulate earthquake vibrations that create compression and dilatation. The magnitude of the earthquake or 
vibration that is converted into acceleration is controlled by the RPM of the eccentric gear and the spring stiffness. 
Each slope angle model was given at different accelerations namely; 0.08; 0.16; 0.26; 0.43; 0.62 m/s2. 
Appendix A. The results of slope stability physical model test can be seen in figure 2. 
It can be concluded that the physical model slopes with the same height and slope angle, increased accelerationwill 
result in increased failure mass. 
Appendix B. It can also be seen that with the same slope angle and acceleration, increased height will results in 
increased failure mass. 
Then with the increased height of slope, even with the same acceleration will results in increased failure mass. 
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Figure 2. Physical Modelling Unit 
5. Failure Due to Seismic Loading 
A more detail explanation of this subject can be found in a book of Reliability and Statistic in Geotechnical 
Engineering (Baecher & Christian, 2003) and others of Pine (1992), Tyler et al (1991), Hatzor and Goodman 
(1993), Carter (1992), and Hoek (2000). 
It is not unusual that apparently many geotechnical engineers regard the subject of probability theory applied to 
the slope stability analysis with doubt and suspicion. The reasons are that of associated with the definitions or 
language in the field of probability theory and risk assessment. The following are definitions related to the subject of 
probability analysis: 
5.1. Random Variables 
Parameters such as the friction angle, cohesion, and unit weight do not have a single fixed value but may assume 
any number of values. There is no way of predicting exactly what the value of one of these parameters will be at any 
given location. Hence these parameters are described as random variables. 
5.2. Probability Distribution 
A probability density function(PDF) describes the relative likelihood that a random variable will assume a 
particular value. A typical probability density function is illustrated opposite. In this case the random variable is 
continuously distributed (i.e., it can take on all possible values). The area under the PDF is always unity. An 
alternative way of presenting the same information is in the form of a cumulative distribution function (CDF), which 
gives the probability that the variable will have a value less than or equal to the selected value. In other word the 
CDF is the integral of the corresponding probability density function. And one of the most common graphical 
representations ofa probability distribution is a histogram in which the fraction of all observations falling within a 
specified interval is plotted as a bar above that interval. 
5.3. Failure Probability 
In recent years probabilistic methods have been more frequently used in open pit slope design. These methods are 
based on the calculation of the Failure Probability (FP) of the slope. A probabilistic approach requires that a 
deterministic model exists. In this case the input parameters are described as probability distributions  rather than 
point estimates of the values. By combining these distributions within the deterministic model used to calculate the 
FS, the probability of failure of the slope can be estimated. Some techniques commonly used to combine the 
distributions is the Monte Carlo simulation, Hyperlatin Cube, and Point Estimate Method. In this research using the 
Monte Carlo Simulation Method (MCM) for calculation  FP. 
In this case each input parameter value is sampled randomly from its distribution and for each set of random 
input values a FS is calculated. By repeating  
this process many times, a distribution of the FS is obtained. The FP can be calculated as the ratio between the 
number of cases that failed (FS<1) and the total number of simulations. Detail of this FP calculation can be seen on 
Hoek (2000) and Steffen et.al.(2008). 
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6. Discussion 
Random variabel in this study using vibration acceleration (a). From value distribution of vibration acceleration, 
it can be determined the type most suitable distribution function for the variable. But considering the limited a data 
distribution, the distribution function is assumed normal. 
The Monte Carlo method uses random or pseudo-random numbers to sample from probability distributions and, 
if sufficiently large numbers of samples are generated and used in a calculation such as that for a factor safety, a 
distribution of values for the end product will be generated.  
The average value and standard deviation obtained was 0.31 g and a standard deviation of  0.22 g. 
Table 2 shows the results of a physical model on Slope stability test : FSstatic, acticical, FS at acticical, condition of 
physical model, acticical of physical model,  factor safety (deterministic and average), and the failure probability.  
In general, the test results showed a lot of slope failed  with increasing dimension of the slope with the same 
vibration acceleration. Besides that , it also shows the acritikal value decreasing trend with increasing dimension of the 
slope. It gives the sense that the inreased dimension of the slope  will be very susceptible to the effects of even small 
vibrations.  
It is also interesting to compare the akritikal  obtained from Newmark are more pessimistic than acritikal of physical 
model test. This condition can be caused by height, slope angle and vibration acceleration are still  haveuncertainties 
value because it requires precision in the measurement, while acticical from Newmark is the results of ideal condition 
for the  massive uncertainty. 
In the probabilistic approach, vibration acceleration is assumed as random variable in the calculation basis 
FSdeterministic and FSaverage, as well as the failure probability. Due to the vibration acceleration have a variety of values, 
the FS will have a variety of values. FSdeterministic assumptions derived from the use of all of the average value of all 
the variables, FSaverage obtained from the use of the entire value of a in each dimension slope. Failure Probability 
obtained from determining the area under distribution function with FS<1 due to changes in the vibration 
acceleration. 
The results of FS calculation showed FSaverage are more optimistic than FSdeterministic. While the failure probability 
value increased with increasing dimension of the slope, which means that the greater the chances of slope failure 
with increasing dimension of the slope with the variation of the vibration acceleration. For example, a slope with 20 
cm in height and 250 in slope angle resulted FP of 37% would have a higher failure probability that more than 10 cm 
in height and 200 in slope angle resulted  FP 0f 4%. FP 37% means that of the 100 slopes with the same dimensions 
and properties, 37 slopes will failed. 
7. Resume 
1. Increased the amount of failure on slope physical models will be greater with increasing dimension of the 
slope with the same vibration acceleration. 
2. Values of acritical showed in decreasing trend with increased dimension of the slope, which means that the 
increased dimensions of the slope will be very susceptible to the effects of even small vibrations.  
3. The results of FS calculation showed FSaverage are more optimistic than FSdeterministic. While the failure 
probability value increased with increasing dimension of the slope, which means that the greater the 
chances of slope failure with increasing dimension of the slope with the variation of the vibration 
acceleration. 
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Height 10 cm  Slope Angle 20ͼ 
 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 25ͼ 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 300 
a = 0.08 g 
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Height 20 cm  Slope Angle 20ͼ 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 25ͼ 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 30ͼ 
 
a = 0.08 g 
 
a = 0.62 g 
Height 30 cm  Slope Angle 20ͼ 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 25ͼ 
a = 0.08 g 
 
a = 0.62 g 
 Slope Angle 30ͼ 
a = 0.08 g 
 
a = 0.62 g 
Figure 3. The Results of Physical Modelling 
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Table 2. The Results of Probabilistic Analysis of Physical Modelling 
Height 
(cm) 
Slope 
Angle (ͼ) 
FS 
Static 
acritical 
(Newm
ark) 
FS 
at 
acritical 
a (g) 
Condition 
of Physical 
Failure 
acritical 
(Physical 
Model) 
Factor Safety  
FP 
(%) 
Deter. Mean 
10 
20 1.74 0.25 0.94 
0.08 Stable 
0.43 1.47 1.49 4.1 
0.16 Stable 
0.26 Stable 
0.43 Failed 
0.62 Failed 
25 1.50 0.21 0.87 
0.08 Stable 
0.26 1.37 1.38 9.6 
0.16 Stable 
0.26 Failed 
0.43 Failed 
0.62 Failed 
30 1.12 0.06 0.97 
0.08 Stable 
0.16 1.29 1.30 14.9 
0.16 Failed 
0.26 Failed 
0.43 Failed 
0.62 Failed 
20 
20 1.71 0.24 0.94 
0.08 Stable 
0.26 1.21 1.23 26.1 
0.16 Stable 
0.26 Failed 
0.43 Failed 
0.62 Failed 
25 1.34 0.14 0.95 
0.08 Stable 
0.26 1.11 1.12 37.1 
0.16 Stable 
0.26 Failed 
0.43 Failed 
0.62 Failed 
30 1.10 0.06 0.96 
0.08 Stable 
0.16 1.00 1.01 52.8 
0.16 Failed 
0.26 Failed 
0.43 Failed 
0.62 Failed 
30 
20 1.70 0.24 0.94 
0.08 Stable 
0.26 1.11 1.12 38.7 
0.16 Stable 
0.26 Failed 
0.43 Failed 
0.62 Failed 
25 1.33 0.14 0.95 
0.08 Stable 
0.14 1.00 1.01 53.9 
0.16 Stable 
0.26 Failed 
0.43 Failed 
0.62 Failed 
30 1.08 0.04 0.99 
0.08 Stable 
0.16 0.91 0.91 69.1 
0.16 Failed 
0.26 Failed 
0.43 Failed 
0.62 Failed 
 
